fossil record (Niklas, 1992; Edwards et al 
Introduction the soil to the plant, which occurred in the transpirational The earliest land plants of the Silurian and Devonian flux, will have been very low and potentially limiting to eras were astomatous with well-developed cuticles around plant growth ( Edwards et al., 1996) . The development of their aerial organs ( Edwards et al., 1996) , a feature which rhizoids and roots, through evolution, will have increased reduced water loss to the atmosphere but which will have plant exploration of the soil, reducing this problem. reduced the diffusion rate of carbon dioxide to the However, the very early presence of mycorrhizal associunderlying chlorenchymatous tissues. For the subsequent ates (Smith and Read, 1996) will have greatly enhanced period of between 15-20 million years ago (c. 430-phosphorus and possibly nitrogen uptake, suggesting that 415 Ma, million years before present) stomatous species the uptake of these nutrients may not have been a significant problem for early land plants. increased in sufficient frequency to be detectable in the More recent concerns with astomatous plant species the guard cells are dead, while the guard cells in Nymphaea and Nuphar appear to be cytologically intact, but the have centred on the occurrence and physiology of species of isoetids, which are astomatous ( Keeley et al., 1984) .
absence of a substomatal cavity prevents the closing operation of the guard cells (Ziegler, 1987) . Significant ecological and physiological data have now accumulated to characterize these species which take up There is, therefore, quite a diversity of species which are astomatous, or effectively so. It is clear that they fall CO 2 from sediments rather than the atmosphere and which can illuminate some of the difficult questions which into two evolutionary classes, those species which never possessed stomata, such as the gametophytes of bryoarise from the limited palaeobotanical evidence about the earliest land plants.
phytes and lichens, and those species which were probably stomatous, but developed a wide range of different astomThe paper addresses its title question in an essentially evolutionary manner. This will be initiated by consideraatous or effectively astomatous characteristics, such as the isoetid life forms and parasitic plants. How then do tions of the physiological behaviour of present-day astomatous species. The restricted distributions and ecological these properties limit the occurrence and behaviour of the species? In the case of moss gametophytes, the leaves amplitudes of most, but not all, of these astomatous species indicate that the presence of stomata opens up a are typically one-cell thick and so reasonable rates of CO 2 diffusion can occur into the leaves. However this life wider range of habitats for colonization. This increased ecological potential will be developed when discussing the form is small, with the tallest moss, Dawsonia superba reaching a maximum height of about 50 cm (Parihar, fossil evidence for changes in stomatal occurrence and density through the Phanerozoic era or the last 450 Ma.
1965). The water transport mechanism in Dawsonia is by hydroids and leptoids (Parihar, 1965) which add little Some of the problems encountered during the evolution of stomata are then discussed. The final issue addresses strengthening to the stem and Niklas (1992) suggests that 50 cm is close to the maximum height that a stem with the importance of stomata for plants in canopies, in particular in light of the apparent limited stomatal control an essentially parenchymatous-cell elastic modulus can attain. of transpiration in very short canopies (Jarvis and McNaughton, 1986) .
Terrestrial isoetid plants are also very small, only reaching heights of perhaps 10 cm. Keeley et al. (1994) describe the occurrence of a number of species of Isoetes Extant astomatous species at high altitude (c. 3500 m) in the Andes. In all cases the plants occur in bogs around the edges of nutrient-poor The gametophyte generation of mosses and liverworts does not possess true stomata, although air pores are lakes. The species of Isoetes are astomatous and their CO 2 for photosynthesis is nearly all derived from the present in liverwort gametophytes. In contrast, the sporophyte generations of the bryophytes generally possess sediments, entering the plants through their roots ( Keeley et al., 1994) . The leaves (Isoetes andicola) have thick stomata (Ziegler, 1987) . Lichens, with a wider ecological amplitude than the bryophytes are completely astomatcuticles with low CO 2 conductances, at least three orders of magnitude less than open stomata ( Kluge and Ting, ous. In the family Isoetaceae, and the genus Isoetes in particular, there is a number of species which are astomat-1978). The leaves, stems and roots possess very large air spaces or lacunae, which are more than sufficient to allow ous. Many species of Isoetes are aquatic and a much wider range of species, including flowering plant species, the movement of CO 2 to the photosynthetic cells of the leaf. In contrast, the vascular cylinder is very small. are astomatous when submerged, e.g. Lobelia dortmanna (Pedersen and Sand-Jensen, 1992 ) and species of Keeley et al. (1994) provide data on the growth of three different isoetid species and five non-isoetids occurRanunculus (Bruni et al., 1996) . However, there are some species of Isoetes and Stylites which are terrestrial, occurring in the same environment. Growth of the eight species ( Fig. 1) is very similar for all of the species, indicating ring around the edges of oligotrophic bogs and which are astomatous ( Keeley et al., 1984 ( Keeley et al., , 1994 . It has been argued no innate inferiority in the growth potential of the isoetids. An important feature for the isoetid species will be leaf that stomata are lost, i.e. either absent or non-functional, from species with plastic responses to submergence temperature in this potentially very high irradiance environment. Measurements were made on the thermal envirbecause gaseous exchange is no longer relevant through stomata, rather gaseous movement through aerenchyma onment of I. andicola on one day (Fig. 2 , from Keeley et al., 1994) and this shows that during moderate irradiis the norm (Sculthorpe, 1967; Raven, 1984) . Stomata are also lost, or are non-functional, in at least some of ance (up to 1200 mmol m−2 s−1) leaf temperatures exceeded air temperature by about 10°C. The potential the parasitic flowering plants, such as Neottia nidus-avis ( Ziegler, 1987) . In Neottia the guard cells are fused for reaching lethal temperature thresholds may be high for brighter and warmer days, although at an altitude of closed. In contrast, the stomata in aquatic species such as Nymphaea alba, Nuphar lutea and Lemna minor remain 4180 m this may not be a major limitation. Leaves of moss gametophytes are typically one cell permanently open (Ziegler, 1987) . In the case of Lemna Fig. 1 . Leaf growth in co-occurring isoetid and non-isoetid species, at high altitudes in the Andes (from Keeley et al., 1994) . Fig. 3 . The photosynthetic responses of the lichen Peltigera neckeri to thallus water content and atmospheric CO 2 concentration (from Lange et al., 1996) . restricting the rate of CO 2 diffusion to the photosynthetic algae. This reduced rate of diffusion can be offset by increasing the ambient CO 2 concentration to levels characteristic of the early Phanerozoic. The benefits of increasing the rapidity of CO 2 diffusion in air to the site of photosynthesis is counteracted by a great sensitivity to water content, a feature which is only under the control of the atmospheric water vapour pressure deficit and the thickness of the boundary layer above the lichen. For plants with stomata, it is important therefore to ensure, when intercellular spaces are developed within the photo- into the leaf ( Ziegler, 1987) , as such a response will greatly reduce the rate of photosynthesis. thick and with limited, if any intercellular air spaces. This lack of air space will severely limit CO 2 diffusion within
Evolutionary trends in stomatal density
the leaf ( Raven, 1993) but, on the other hand this will match the limited rate of CO 2 diffusion across the leaf Beerling and Woodward (1997) have collated fossil data of stomatal density which have been collected over the surface. Within a leaf with no intercellular spaces, CO 2 diffusion is expected to be at least 10 000 times slower Phanerozoic (Fig. 4 ). Although this is obviously an imperfect sampling, it is quite clear that the ranges of than in air spaces and, therefore, there will be an important advantage in developing photosynthetic organs which observed stomatal densities at any particular time are also inversely correlated with the CO 2 concentration have intercellular air spaces with a capacity for rapid CO 2 diffusion. Lichens have evolved such an approach which has been estimated for the different times of the stomatal collections, using the model of Berner (1994) . for increasing the rate of CO 2 diffusion to the photosynthetic algal component of the lichen through, essentially,
The figure makes a clear statement that stomatal density increases as atmospheric CO 2 concentrations decrease, in capillaries in the lichen thallus. Such an approach is not without its problems ( Fig. 3 , from Lange et al., 1996) keeping with previous observations and experiments ( Woodward, 1987; Woodward and Bazzaz, 1988 ; Beerling which is easily seen at current CO 2 concentrations when the photosynthetic rate is strongly variable with thallus and Chaloner, 1993; Beerling and Woodward, 1996) . The causes of the reductions in atmospheric CO 2 are not clear water content. This is because the water content of the thallus has two effects. At water contents of less than but they may have been due, at least in part, to an increasing capacity of vegetation and soils to sequester 350% of dry weight photosynthesis is reduced, through a water supply limitation. At higher water contents than carbon (Berner, 1992) . The earliest land plants and stomata evolved during 400% the photosynthetic rate is reduced because the air capillaries in the thallus are increasingly filled with water, periods of high atmospheric CO 2 concentrations ( Fig. 5 ).
which he considers necessary because stomata, with the ability to close when necessary, need to be present in order to prevent, or control, the occurrence of xylem cavitation ( Tyree and Sperry, 1989) . Therefore, extending this theory a little further suggests that the presence of stomata, and high stomatal densities in particular, may actually favour or enhance the rate of evolutionary development of plant groups. Such a response may perhaps occur by protecting the increasing length of the xylem pathway found in taller and more competitive genotypes. Partial opening or closing of stomata also provide a fine control on the rate of water loss and plant water use efficiency in general, also offering, therefore, a mechanism for increasing survival and competitive ability. The benefits of increasing plant height are not only species can occur. This is shown ( Fig. 6 ) for a simulated canopy of short (2 cm) plants, differing in stomatal conductance. The lowest stomatal conductance (5 mmol m−2 s−1) corresponds with the cuticular conductance of an astomatous species, with the higher stomatal conductances being determined by increasing stomatal densities (from 10-65 mm−2) in this simulation, using the model described in Beerling and Woodward (1997) . In the simulation, which also incorporates the Penman-Monteith model of canopy transpiration (Monteith, 1965) , the minimum boundary layer conduct- However, subsequent periods of low atmospheric CO 2 concentrations may have been a sufficient selective force to drive evolutionary change and so it is of interest at times when stomatal densities were generally high.
(stomatal density 65 mm−2). The model is described in Jones (1992) .
Such a general feature is also in accord with Raven's
The imposed environmental conditions are a canopy leaf area index of hypothesis (1993) that in early evolution, stomata preunity, a plant stem density of 104 m−2, an air temperature of 20°C and a relative humidity of 66%.
ceded the occurrence of a xylem system, a precedence The role of stomata 475
ance is predicted for a canopy surface temperature of stomata decreases the supply potential to a few hours, indicating a strong selection pressure for any system of 45°C, taken to be a lethal temperature. When the net radiant balance of the canopy is 100 W m−2 and with water capture and xylem-like conductivity. The high CO 2 concentrations of the early Silurian and only cuticular transpiration, then the minimum boundary layer conductance of c. 5 mm s−1 is typical of very short Devonian atmospheres will have diminished, to some extent, the diffusional limitations to the rates of photosynvegetation, in the order of a few centimetres in height (Jones, 1992) . This would be typical of a dwarf vegetation thesis of the early land plants. However, the presence of stomata will have greatly increased photosynthetic potenof early Silurian plants. However, if the net radiant balance increases, as in full sunlight, then the boundary tial ( Fig. 8) and, with an increase in stomatal density, an increase in the rate of Rubisco carboxylation. The increaslayer conductance must increase in order to allow a concomitant increase in sensible heat loss, in order to ing rates of carboxylation will also have led to an increase in the plant requirements for nitrogen (Field, 1983) , to avoid lethal temperatures. The increase in conductance would occur with either taller canopies, or in windy support the increased Rubisco requirements. Edwards et al. (1996) suggest that the presence of environments. However, the occupation of high irradiance habitats could only be realized, in plants only possessing stomata improves the availability of nutrients to the plant by increasing the rate of transpiration throughput of cuticular transpiration, by either of these responses. The presence of stomata markedly increases energy dissipation major nutrients, a characteristic which may have been more limiting to the plant than the supply of water, even by latent heat transfer, increasing the thermal tolerance of high irradiance sites.
in a very rudimentary xylem. However, recent work by Pedersen and Sand-Jensen (1997) , on Mentha aquatica, The problem when stomata are open is achieving the balance between necessary water loss, and therefore has clearly demonstrated for this flowering plant that transpiration is not necessary for supplying nitrogen to avoiding desiccation which was not considered in the previous section and water gain into the plant. Assuming the leaves. Nitrogen concentrations in emergent and submerged plants were not significantly different ( Fig. 9 ), an even distribution of 2 cm tall plants, with stems of 0.2 cm in diameter and a plant stem density of 104 m−2 with non-transpirational mass flow of water being sufficient, at least for this species, to supply the necessary then the stems will be a reservoir of water containing the equivalent of 0.63 mm of precipitation. The transpiration nitrogen. Observations on the astomatous Isoetes andicola ( Keeley et al., 1994 ) also indicate no limitation of nitrogen rate for the canopy can then be used to determine the maximum period of transpiration supply by the stems, supply to green leaves. assuming a continuous no-replenishment loss (Fig. 7) . Leaf and plant-level considerations of stomatal activity indicate that stomatal density and opening both exert considerable controls on the rate of transpiration (Beerling and Woodward, 1997) . At the canopy level Fig. 7 . The period of water loss which can be supplied by the plant Fig. 8 . Maximal photosynthetic rates and optimal rates of carboxylation calculated for leaves differing in stomatal density, at a CO 2 concentration canopy described in Fig. 6 (at the minimum boundary layer conductance) without any replenishment.
of 2000 ppm, using the photosynthesis model of Woodward et al. (1995) . stomata may not be the major controllers, because the seems no benefit of higher stomatal conductances. When RuBP-supply limited, photosynthesis will be little affected low boundary layer conductance from the canopy to the convective boundary layer assumes significance, particuby high conductances (Farquhar et al., 1980) and transpirational cooling is primarily dependent on the net larly for dwarf vegetation (McNaughton and Jarvis, 1983; Jarvis and McNaughton, 1986) . Indeed, Jones (1992) radiant balance. For dwarf canopies it should therefore be predicted that the constituent species will maintain presents a caricature of the system in which plants are transpiring in a glasshouse, the glass of the glasshouse low stomatal densities and conductances, maximizing the control on water loss ( Fig. 7) . In contrast, tall canopies representing the upper boundary of the convective boundary layer. Within the glasshouse in daylight both the with a need to transport water over long xylem pathways, with the capacity to develop high leaf area indices and plant canopy and the air temperature will rise. The vapour pressure deficit of the air will increase, but the canopy perhaps the need to depend on the transpirational stream for distributing nutrients should develop higher stomatal surface temperature will also increase so that the canopy to air gradient for transpiration will remain close to densities and conductances, at least when not droughted. Data for the stomatal densities ( Woodward and Kelly, constant. Therefore, in such a situation, the net radiant balance and not the vapour pressure deficit of the air will 1995) and maximal leaf stomatal conductances ( Kö rner, 1994) of arboreal and herbaceous species ( Fig. 11) indicontrol the rate of transpiration.
A graphical description of the aerodynamic coupling cate no differences between the two life forms. One explanation for the lack of any difference may relate to effects is provided (Fig. 10) for a dwarf canopy and a total boundary layer conductance, including that into the the need for transpirational cooling of the dwarf canopy. Model predictions of canopy surface temperature (Fig. 12 convective boundary layer, of 3 mm s−1. The very dwarf canopy is contrasted with that of a very tall canopy, with using the model of Jones, 1992) indicate that the dwarf canopy temperature may reach close to lethal levels under a greater boundary layer conductance (320 mm s−1) and a smaller transpirational control by the convective bounda high net radiant balance. However, even in this situation canopy stomatal conductances of about 5 mm s−1 (c. ary layer. For the dwarf canopy, stomatal control of transpiration is only noticeable at very low conductances, 200 mmol m−2 s−1) would provide adequate cooling of the canopy. In general, maximal canopy conductances of while stomatal control of transpiration is dominant for the tall canopy. In evolutionary terms, and for the dwarf dwarf canopies may be greater than double this threshold. The high temperatures predicted for the dwarf canopy canopy, apart from stomatal-dependent transpiration at canopy stomatal conductances up to c. 3 mm s−1 there might be tolerated by plants with low stomatal conduct- Fig. 10 . Predictions of the annual total of transpiration from a dwarf canopy (boundary layer conductance, g a of 3 mm s−1) and a tall canopy (g a of 320 mm s−1), for a range of canopy stomatal conductances, using the Penman-Monteith model of transpiration (Monteith, 1965) and for the climate of Taranto, Italy (control climate) and with a 50% reduction in the net radiant load (net radiation×0.5) or a 50% reduction in the water vapour pressure deficit of the air (VPD×0.5). The predicted annual totals of transpiration were determined by integrating daily predictions, based on daily weather values generated from monthly mean meteorological station data ( Woodward et al., 1995) . Fig. 12 . Canopy surface temperature responses to canopy stomatal Fig. 11 . Stomatal densities and maximal conductances of arboreal and herbaceous species ( Kö rner, 1994; Woodward and Kelly, 1995) . Error conductance, at an air temperature of 20°C, net radiant flux 200 W m−2 and a water vapour pressure deficit 800 Pa. bars are standard error of the mean.
ances, if they developed the high temperature-tolerance (McNaughton, 1989) : characteristic of succulent species, which also possess low stomatal conductances (Nobel, 1988) . There is no evid-E= ( Woodward and Kelly, 1997) of such a response.
Plant stomatal responses, therefore, appear not to have where D m is the saturation deficit of the CBL, at any evolved in response to the low control capacity on transparticular time. The left term is the equilibrium rate of piration of dwarf canopies in the convective boundary transpiration in which the vegetation exerts no control layer. Recently Dickinson et al. (1997) have suggested by varying stomatal conductance (Fig. 10) . The right that the convective boundary layer (CBL) exerts less of a term allows for entrainment of (usually) dry air into the control on canopy transpiration than described for the CBL. The equilibrium rate of transpiration only then glasshouse case above. They envisage the CBL not as occurs when the saturation deficit of the CBL, D m , equals equivalent to a glasshouse with a solid upper boundary, the equilibrium saturation deficit of the CBL. This equalbut as a well-mixed layer of humid air into which (usually) ity will be reached slowly for dwarf canopies with low dry air is entrained from above the boundary layer, stomatal conductances and so the right hand term of maintaining close-to-constant specific humidities during equation 2 will be generally operative, indicating the diurnal cycles (Fig. 13) . Therefore the CBL is buffered to importance of stomatal conductance in controlling transa nearly constant diurnal specific humidity ( Fig. 13) , a piration, even for the case which had earlier been expected feature which will greatly enhance the effectivity of the to operate at the equilibrium rate ( Fig. 10) . Short wellstomata in controlling transpiration, even for dwarf canwatered canopies can frequently reach transpiration rates opies. Data from the FIFE campaign (Betts, 1992) supgreater than the equilibrium rate (McNaughton, 1989) . port the observation of an almost invariant specific It is clear, therefore, that under many situations even humidity during the day, in contrast to an expected rise dwarf canopies will exert a stomatal control of transpirand fall in humidity (Fig. 13) if there was no entrainment ation, supporting the observation that stomata of dwarf drying of the CBL and the CBL was more like a closed and tall canopies are rather similar in terms of densities glasshouse.
and maximal conductances ( Fig. 11 ) and therefore The height of the CBL increases during the day and requirements for canopy controls of water loss. this influences canopy transpiration by influencing the rate at which the equilibrium saturation deficit of the CBL, D eq , is reached and described as (from
Conclusion
McNaughton, 1989): Many plant species are astomatous and their continued existence indicates that, for these species, stomata are not
necessary prerequisites for survival. However, all astomatous species are small, probably less than 20-50 cm in height, and they occur in a limited set of environments, and:
such as for most bryophytes and plants of the isoetid life form. Lichens are found in a wide range of environments, some of which are very extreme, as in the Antarctic, in t=h
warm deserts, or on bare rock. They are constrained to be small in height and this smallness in height can where e is the ratio of the slope of the saturation water probably only be circumvented by the joint possession, vapour pressure with temperature divided by the psychroby plants, of stomata and a xylem water pathway. Being metric constant, R n −G is the net radiant flux absorbed tall confers a competitive advantage, particularly in terms by the canopy, r is the density of air, l the latent heat of of the capture of light and the evolution of increasing vaporization of water and g s the canopy stomatal conheight can be envisaged to be driven by strong competiductance. The time constant, t, of the rate at which the tion. Stomata allow transpiration to occur and a pull of CBL saturation deficit reaches the equilibrium value water and nutrients to result and also allow an increased (equation 2) is primarily determined by the height of the photosynthetic capacity, albeit with a greater requirement CBL, h, and the canopy boundary layer and stomatal for nutrients. However, for small plants at least, there conductances, g a and g s (equation 2). Therefore the rate is no evidence to support the notion that a low rate at which the equilibrium saturation deficit of the CBL is of transpiration will limit the rate of accumulation of reached will increase with canopy conductance, and the nutrients in the growing plant. time constant will increase with the height of the CBL.
Ideas which suggest that the convective boundary layer With entrainment of air into the CBL the actual canopy (CBL) exerts a cap over vegetation such that the net radiant balance controls transpiration, with little effective transpiration rate, E, is then defined as follows Fig. 13 . Two views of the convective boundary layer (CBL), based on Dickinson et al. (1997) . The left model (top figure indicates maximum height of CBL) includes no dry air entrainment from above the CBL and it is suggested that the specific humidity should follow the diurnal trend shown beneath, due to combined effects of the canopy conductances to water vapour (boundary layer and stomatal ) and the growth and decay in height of the CBL, which is primarily sensitive to the canopy boundary layer conductance. With dry air entrainment (the right model ) the specific humidity remains close to constant on a diurnal basis, as measured by Betts (1992) . particular for information about the photosynthetic responses control by stomata, might lead to the evolution of dwarf of lichens to tissue water content. Thanks are also due to Dr life forms with low stomatal densities and conductances. DJ Beerling for his constructive comments on the manuscript.
There is no evidence of such a response and further analysis of the CBL suggests it is far from an impervious cover over vegetation and more a zone which operates to References maintain a constant humidity over all types of vegetation, returning an important emphasis on the stomatal control 
